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INTRODUCTION
During tumor radiotherapy, within the non-target volume, both normal and tumor cells are damaged. Increasing efforts are in progress to minimize the damage to normal cells and maximize the damage to tumor cells so as to improve the therapeutic index of tumor radiotherapy. Several chemical compounds are being investigated to meet this goal. 2-Deoxy-D-glucose (2-DG), a glucose antimetabolite, is presently undergoing clinical trials for its use as an adjuvant to radiotherapy of gliomas. 2-DG has been shown to radiosensitize the tumor cells 1) by decreasing the intracellular ATP, GTP and UTP pool. 2) In the presence of 2-DG, the suppression of energy linked post-irradiation repair of potentially lethal damage (PLDR) was reported in Ehrlich Ascites Tumor (EAT) cells 3) and in respiratory deficient Saccharomyces cerevisiae (yeast) 4) cells. Our earlier works showed that 2-DG reduced the post-irradiation repair of damage by lethal doses of UVC, 5) X-rays 6) and by UVA+psoralen 7) in respiratory proficient Saccharomyces cerevisiae cells also. 2-DG inhibited the excision of thymine dimers induced by UVC.
8) The present study was designed to investigate the effects of 2-DG on protective effects of pre-exposure to low dose radiation that enabled cells to tolerate the damaging effects of the lethal doses of radiations given subsequently, using yeast as a system.
A number of independent studies have reported that normal cells, pre-exposed to lower (stress) doses of radiation, develop resistance to lethal doses of radiation given subsequently. [9] [10] [11] [12] [13] [14] Such a phenomenon was addressed as radiation induced radioresistance (RIR) in this study. The commonly used term "radiation adaptive response" was avoided because it neither specifies the inducing agent, nor describes the agent to which resistance has been acquired. After decades of research, now many reports have shown that resistance to radiation can be induced by variety of agents viz. heat, pH, nutrient stress etc. and many inducing agent acts via different molecular pathways. It is, therefore, becoming important to specify the inducing agent. 14, 35) Besides this, the term "adaptation", in one of its several senses, refers to evolutionary transformation, where due to environmental stress for several generations, new stable behavioral patterns may evolve. While in our experiments it is only one time exposure to the stress dose and also the induced changes (radiation resistance in this case) are transient. The term 'radiation induced radioresistance (RIR)' 14) in the context of this study was, therefore, felt more suitable and used.
During radiotherapy, because of non-uniform distribution of radiation dose at the periphery of the target volume, probability of RIR in peripheral normal cells is high. Such an RIR in the normal cells is expected to be of advantage during radiotherapy. 2-DG, since, is taken up by the normal as well as tumor cells and it also inhibits PLDR in both normal and tumor cells, it was of interest to study the effect of 2-DG on RIR in normal cells. Like normal human cells, the respiratory proficient yeast cells generated ATP through TCA under aerobic conditions. NMR studies showed that 2-DG affected the bioenergetics (viz. ATP, GTP, UTP, pyrophosphates etc. pool) of respiratory proficient cells of S. cerevisiae in a manner that was qualitatively similar to normal human cells. 2, 15) Besides, S. cerevisiae is a eukaryote, unicellular organism, convenient to grow in the laboratory and a number of its radiation induced signal transduction pathways, DNA repair enzymes, genes and transcripts involved in repair of radiation damage bear homologies with human. [16] [17] [18] A respiratory proficient S cerevisiae strain was, therefore, chosen as a model simulating normal cells. The usefulness of this organism as a model system to understand radio-modifying effects of 2-DG [4] [5] [6] [7] [8] and other chemicals 19) has been reported. The diploid strain D7 of Saccharomyces cerevisiae, used in this study was so constructed that it had autotrophic mutations at different locus at trp5, and same locus at ilv1 in two alleles. Thus, radiation-induced reversion of trp5 mostly involved gene conversion through the recombination mechanism, while reversion of ilv1 mostly involved locus-specific true reverse mutation. 20) By this way, gene conversion and reversion could be specifically detected in this system. To understand more about mechanisms, both UVC and 60 Cogamma-rays were used. The modifying effects of 2-DG were recorded on cell survival, DNA damage, recombinogenesis, mutagenesis and expression in rad50 gene. This study has implications towards evaluating the clinical use of 2-DG.
MATERIALS AND METHODS

Microbe
Diploid strain D7 of S. cerevisiae (genotype: a/α trp5-12/ trp5-27, ilv1-92/ilv1-92) 20) grown to late log phase (11-15% large budding population after 72 h of inoculation), on yeast extract peptone dextrose (YPD) agar medium, were used for this study. Yeast extract, peptone, dextrose and agar were procured from Himedia (Mumbai, Maharashtra, India). Yeast extract nitrogen base without amino acids, dextrose and Bacto-agar were obtained from Difco (Detroit, Michigan, USA); all amino acids of biochemical grade (99% purity) were from Sisco Res. Labs (Mumbai, Maharashtra, India).
Irradiation
The cell suspension (10 8 cells/ml) in phosphate buffer (PB, pH 6.0; 67 mM), cooled to 4°C was used for irradiation. 60 Co-gamma-ray source was GC-5000 (BRIT; India, absorbed dose rate 4.26 KGy/h, Fricke's dosimeter). The ultraviolet light 254 nm (UVC) was from germicidal tube (15 W, Philips, fluence rate 2.4 J/m 2 /sec, IL 1400A photometer, International Light Inc. USA). To alter the dose of UVC or gamma-radiation, the exposure time was varied.
Estimation of RIR
The RIR was studied as percent change in survivors. Cultures pre-exposed to low dose of 60 Co-gamma-radiation or UVC were maintained at 30 ± 1°C in PB having 10 mM glucose (PBG). At appropriate time interval the aliquots were drawn and exposed to the lethal doses of UVC or 60 Cogamma-radiation. The cells pre-exposed to low doses of UVC, were subsequently exposed to lethal doses of UVC and the cells pre-exposed to low doses of 60 Co-gamma-ray were subsequently exposed to lethal doses of 60 Co-gammaray only. The survivors, convertants and revertants were scored using defined synthetic complete medium (DSC), tryptophan omission medium (TRP -) and isoleucine omission medium (ILV -) medium respectively as per procedures standardized earlier. 5) Per cent survivors with reference to un-irradiated controls were calculated as (CFUs on DSC after irradiation/ CFUs on DSC without irradiation) × 100. The revertants and gene convertants were scored as CFUs appearing on ILV -and TRP -medium respectively; and score was presented as a fraction of survivors [CFUs on omission medium/ 10 6 CFUs on DSC medium after the same treatment].
Estimating effect of 2-DG on RIR
To study the effect of 2-DG treatment on RIR, the cultures, after pre-exposure to stress doses of UVC or 60 Cogamma-radiation, were maintained in PBG+2-DG (2-DG concentration varied from 10 to 30 mM), till exposure to lethal doses of UVC or 60 Co-gamma-radiation. The suitable aliquots at appropriate time were plated on DSC, TRP -and ILV -medium to score survivors, gene convertants and revertants respectively as described in the previous section.
Study of chromosomal DNA damage by pulsed-field gel electrophoresis
To study the DNA damage in individual chromosomes, the samples were prepared as described earlier. 6, 8) In brief, the cell suspension was washed with PB, centrifuged; pellet was treated with lyticase enzyme and then immobilized in low melting agarose plugs using the mould provided by BioRad USA. The plugs were first treated with LET buffer [0.5 M EDTA pH 8.0, 0.01 M Tris(hydroxymethyl)-aminomethane pH 7.0, 7.5% beta-Mercaptoethanol] for 20 h at 37°C. The LET buffer was removed, plugs were washed two times with NDS buffer [0.01 M Tris(hydroxymethyl)-aminomethane pH 7.0,7.5% EDTA pH 8.0, 1% n-luaryl sarcosine]. The plugs were then treated with NDS buffer containing 2mg/ml Proteinase K for 20 h at 48°C. Sufficient washings were given in EDTA (0.5 M, pH 8.0) thereafter. The plugs were stored at 4°C before electrophoresis. The pulsed-field gel electrophoreses (PFGE) was for 20 h (60 sec for first 13 h and 90 sec pulse for next 7h) at 200 V, using CHEF DRII (BioRad, USA), to resolve genomic DNA into a number of chromosomal bands.
RNA isolation
RNeasy Mini Kit (Qiagen, Germany) with enzymatic lysis protocol-standard version, as suggested by the manufacturer was used to isolate the total RNA. The cells (4 × 10 7 ) were centrifuged; the pellet was washed with PB and treated sequentially with the buffers as per manufacturer's instructions. Finally RNA was eluted using RNase free water. The contaminating DNA, if any, was removed by dilution of the RNA sample followed by treatment with DNase I for 15 min at 20-25°C, and the RNA was then LiCl-precipitated and resuspended in RNase-free water. The purity of RNA was checked by absorbance using spectrophotometer (Biomate, vision 5,Thermospectronic, U.K). Samples showing absorbance ratio (A260/A280) in the range of 1.9 to 2.0 only, were used for 'reverse transcription polymerase chain reaction' (RT-PCR) studies. The integrity and size distribution of RNA was checked on denaturing 1.2% formaldehyde agarose gels stained with ethidium bromide before setting up the RT-PCR reactions.
RNA Amplification by RT-PCR
The total RNA was used for reverse transcription and gene specific amplification (iCycler, Bio-Rad, U.S). The concoction provided in OneStep RT-PCR Kit (Qiagen, Germany) was used for RT-PCR as per the supplier's instructions. The rad 50 primers, F-GGCTTTCATCTCTCAGGA and R-ATTCCTGGGTGAGGGGAA, were designed with the help of website http://bibiserv.techfak.uni-bielefeld.de/cgi-bin/gf and synthesized commercially (IDT, Coralville). For β-actin (ACT1) the primers were F-TGTCACCAACTGGGACGA-TA; R-CCAAACCCAAAACAGAAGGA. 22) The reverse transcription to make cDNA, was for 30 min at 50°C, followed by incubation at 95°C for 15 min. The cDNA was then amplified using gene specific primers at 94°C for 3 min, annealing at 53°C for 30 sec and 72°C for 45 sec for a total of 30 cycles. The RT-PCR product was analyzed on 1% agarose gel, stained with ethidium bromide and quantified using Labworks software, version 4.0 (UVP Inc., U.K.).
Protein extraction, quantification and western blotting
The extraction of total proteins was as per the protocol developed and standardized in our laboratory. Briefly, 4 × 10 7 cells were treated with 160 μl of Lysis buffer (1.85 M NaOH, 7.4% β-mercaptoethanol) for 10 min in ice. Thereafter, 160 μl of 50% TCA was added, and further incubated in ice for 10 min. The cells were centrifuged, pellet was washed with 1.5 ml of chilled acetone. To the pellet, 100 μl of extraction buffer (4% SDS; 0.16 M Tris-Cl, pH 6.8; 20% Glycerol; 0.38 M β-mercaptoethanol) was added. The suspension was heated for 4 min at 95°C. The supernatant was transferred to fresh vials and stored at 4°C for gel electrophoresis. The quantification of protein in the supernatant was by using Bradford's reagent. OD was recorded at 595 nm. For uniformity of samples,10 μg protein was loaded in each well of polyacrylamide gel (6-12% gradient). The electrophoresis was performed at 100 V using Mini-PROTEAN II. The gels were stained in Coomassie blue staining solution (0.1% w/v Coomassie brilliant blue R-250 in 10% glacial acetic acid and 25% methanol) and then excess stain was removed in de-staining solution (10% glacial acetic acid and 25% methanol).
The Western blotting was on the Nitrocellulose membrane (Millipore) by electro-blotting. Briefly, the membrane and the gels after soaking in Transfer buffer (25mM Tris-Hcl, 150 mM glycine) for 5 min., were mounted on to the holder in the transfer chamber. Constant voltage (12 V) was applied at 4°C for 24 h. The blocking solution [5% dried milk dissolved in PBS with 0.05% Tween20, (PBS-T)] treatment was for 1 h. The membrane was washed three times with PBS-T, treated with primary antibody diluted in PBS-T (1:200) at 26°C room temperature, washed again with PBS-T and then incubated in diluted secondary antibody (peroxidase conjugated anti-goat bovine antibody, 1:1000) for 2 h. The membrane was again washed with PBS-T and treated with substrate solution DAB for 15 min and washed off with distilled water. The bands of interest were quantified using Labworks software, version 4.0 (UVP Inc., U.K).
Statistical analysis
Each experiment was repeated at least three times. The data obtained were pooled, statistically analyzed and expressed as mean ± MSE; paired t-test or ANOVA (as per the requirement) was applied for significance and p value ≤ 0.01 was considered significant.
RESULTS
Effects of pre UVC-irradiation on cell kill, gene convertants and revertants
The survival curves showed that in comparison to nonpre-irradiated samples, the samples pre-irradiated with UVC (5 or 12 or 17 J/m 2 ) had higher surviving fraction after exposure to lethal doses of UVC (Fig. 1) . The increase in survivors (UVC-induced, UVC resistance) depended upon (i) the dose of UVC used for pre-irradiation, (ii) the time interval between the pre-irradiation and lethal dose irradiation, and (iii) the dose of lethal irradiation. Maximum UVC resistance (37% increase in survivors) was observed when samples were pre-irradiated with 12 J/m 2 of UVC (LD10, Fig. 1 , & inset) and irradiated with 120 J/m 2 of UVC (LD50, Fig. 1 ), 2 h after pre-irradiation.
In comparison to non-pre-irradiated samples, the preirradiated (12 J/m 2 ) samples exhibited significant (p ≤ 0.01) increase in gene convertants if lethal UVC dose (120 J/m 2 ) was given 60 min after pre-irradiation (Fig. 2a) . As the time interval between the pre-irradiation and lethal irradiation increased, there was rise in number of gene convertants. Such a trend was visible up to 3 h beyond which, the gene convertants number declined and after 5 h the number was closer to the non-pre-irradiated but lethal UVC (120 J/m 2 ) irradiated samples. No significant change (p ≤ 0.01) in revertants was observed between the pre-irradiated and non-preirradiated samples treated with lethal dose of UVC radiation. The observations were recorded up to 4 h of time duration between pre-irradiation and lethal dose irradiation (Fig. 2b) .
Effects of 2-DG on UVC-induced-UVC resistance, gene convertants and revertants
In comparison to UVC-irradiated (12 J/m 2 ) and PBG maintained samples, the UVC-irradiated (12 J/m 2 ) and PBG+2-DG maintained samples showed lower surviving fraction, reduced gene conversion and higher revertants, after exposure to lethal UVC dose (120 J/m 2 ). The changes were 2-DG concentration dependent. The maximum decrease in surviving fraction was 23%; maximum decrease in gene conversion was 19% and maximum increase in revertants was 12%. (Fig. 3) . 60 Co-γ-radiation induced resistance to 60 
Effect of 2-DG on
Co-γ-irradiation, gene convertants and revertants
The UVC pre-irradiation dose causing ≤ 10% cell kill was found to be most effective in inducing resistance to lethal doses (LD50) of UVC (Fig. 1 ). In line with this observation, the modifying effects of 2-DG on 60 Co-γ-ray induced resis- tance were studied at equivalent pre-irradiation 60 Co-γ-radiation doses. The absorbed dose 20 Gy, which caused nearly 10% cell kill (the LD 10 ), was chosen as pre-irradiation dose of 60 Co-γ-radiation. In comparison to non-pre-irradiated samples, the pre-irradiated samples showed higher surviving fraction after lethal 60 Co-γ-irradiation. The increase in survivors was observed to vary with the lethal dose and the time interval between the stress dose and the lethal dose. The maximum resistance (20% increase in survivors) was observed after 400 Gy 60 Co-γ-irradiation (LD 45 ) and was 4 h after pre-irradiation (20 Gy, 60 Co-γ-radiation) and gradually declined thereafter (Fig. 4) . The survivors (%) of nonpre-irradiated but lethal dose irradiated samples at different time intervals were insignificantly different from those obtained in samples irradiated with lethal dose (400 Gy) immediately (0 h) after the stress dose (20 Gy).
Presence of 2-DG (10 mM) inhibited the 60 Co-γ-ray (20 Gy) induced resistance (per cent increase in survivors), at all lethal doses [200 Gy (LD33); 400 Gy (LD45); 600 Gy (LD80)] (Fig. 4) .
In comparison to the non-pre-irradiated but lethal dose (400 Gy) irradiated samples, the pre-irradiated (20 Gy) samples, maintained in PBG and then irradiated with lethal 2 ) on gene convertants (Fig. 2a) and revertants (Fig. 2b) after lethal irradiation (120 J/ m 2 ) given at different time intervals after pre-irradiation in S. cerevisiae. (□: pre-irradiated; •: non-pre-irradiated). * show, significant increase with reference to corresponding non-pre-irradiated controls (•) p ≤ 0.01 (ANOVA). γ-radiation (400 Gy) showed entirely different effects at intervals less than 2 h and for intervals more than 3 h. In intervals less than 2 h, the pre-irradiated samples showed increase in gene convertants while no change in revertants (Fig. 5a, b) . In intervals more than 3 h, the pre-irradiated samples showed slight decrease in revertants while no change in gene convertants. In comparison to pre-irradiated (20 Gy), PBG maintained and lethal dose (400 Gy) irradiated samples; the pre-irradiated (20 Gy), PBG+2DG (2-DG conc.10 mM) maintained and lethal dose (400 Gy) irradiated samples showed small decrease in gene convertants but no change in revertants up to 2 h. Thereafter, till 5 h, there was significant increase in revertants, while the gene convertants values were closer to the non-pre-irradiated but lethal dose (400 Gy) samples. The value of gene convertants and revertants in non-pre-irradiated but lethal dose (400 Gy) irradiated samples was insignificantly different from the value of gene convertants and revertants in samples irradiated with lethal dose (400 Gy) immediately (at 0 h) after the stress dose (20 Gy) irradiation (Fig. 5) . 60 
Effect of 2-DG on damage to chromosomal DNA by
Co-γ-radiation
Pulsed-field gel electrophoresis (PFGE) could resolve the genomic DNA into several bands (Fig. 6 a, b, Lane 1) . No significant change in the fluorescence intensity or mobility of bands could be recorded after low dose irradiation (20 Gy) (Lane 2). However, in comparison to untreated controls (lane1), in samples irradiated with 200 Gy, there was observable decrease in the fluorescence intensity of high molecular weight bands and increase in the smear intensity along the lanes (Fig. 6, lane 3) . This suggested that 20 Gy was too small a radiation dose to cause sufficiently large number of Co-γ-ray (600 Gy, △: without 2-DG, ▲: with 10mM 2-DG; 400 Gy, ○: without 2-DG; •: with 10mM 2-DG; 200 Gy, □: without 2-DG, ■: with10mM 2-DG). *, significant increase with reference to corresponding non-preirradiated controls (0 h value, see text) p ≤ 0.01 (ANOVA). 60 Co-gamma-ray (20 Gy) followed by lethal exposure to 60 Co-gamma-ray (400 Gy) to the samples in PBG, ○: without 2-DG; •: with 10mM 2-DG). * Significant increase with reference to corresponding non-pre-irradiated controls (0 h value, see text) p ≤ 0.01 (ANOVA). double strand breaks to be detected by PFGE. Also presence of other types of DNA damage viz. base damage, DNA cross-links or single strand breaks as predicted by ionizing radiation 22, 23) at this dose could not be ruled out. The increase in the smear along the lanes in 200 Gy irradiated samples was due to settling down of broken DNA fragments along the lanes. This was similar to our earlier observations with Xirradiated 6) and 60 Co-γ-irradiated yeast cells 24) and indicated that radiation dose 200 Gy could cause DNA double strand breaks immediately after irradiation, as detected by 2-DG. The samples pre-irradiated with 20 Gy, incubated in PBG for 2 h and then irradiated with 200 Gy showed greater DNA bands intensities in higher molecular weight region (Lane 4) as compared to non-pre-irradiated but 200 Gy irradiated samples (Lane 3). This suggested that cells which were preirradiated with 20 Gy and maintained in PBG for 2 h prior . not detectable at 4 h after pre-irradiation. This was in line with the radio-resistance observed in this study in terms of per cent survivors which was induced for particular defined time duration and then declined to match the values of nonpre-irradiated but lethally irradiated controls (Fig. 4) . During analysis of pulsed-field gels throughout this study, the intensity changes in the individual bands in the lower molecular weight region were not given much importance because their intensities were influenced by the intensities of DNA fragments settling down as smears in the lower molecular weight regions and this has been shown to create errors in data analysis in our earlier studies. 6, 24) 
Fig. 5. Time dependent effect of 2-DG on convertants (a) and revertants (b) in S. cerevisiae cells pre-exposed to
Effect of 2-DG on damage to chromosomal DNA by UVC radiation
No change in the fluorescence intensity or mobility of bands could be recorded at 0 h after the UVC (5-120 J/m 2 )
irradiation (data not shown). This was in line with our earlier observations 8) and was expected because UVC is not known to cause DNA double strand breaks immediately after the exposure. However, there was observable decrease in the fluorescence intensity of high molecular weight bands and increase in the intensity of smear along the lanes if the UVC irradiated (100-120 J/m 2 ) sample were maintained in PBG for at least 1 h after final UVC irradiation and then processed for plug preparation (data not shown). This indicated presence of double strand breaks which could be created during removal of closely placed dimers on opposite DNA strands, as a part of post-irradiation excision repair process. Such a phenomenon was observed in our earlier studies also. 8) In view of this, all UVC irradiated samples were processed for plug preparation 1 h after the final UVC irradiation. The samples exposed to lower doses of UVC radiation (10, 20, 50 J/m 2 ), did not show such variations up to several hours after irradiation (data not shown). This could be because the UVC radiation at lower doses did not cause sufficient damage that could results in DNA strand breaks (sufficiently high in quantity to be measured by PFGE) during post-irradiation repair. The best differential effects on chromosomal DNA bands could be recorded in samples treated with UVC (120 J/m 2 ) and maintained in PBG for 1 h after the UVC exposure as seen in Fig. 7a, Lane 1, when compared 
Effect of 2-DG on rad50 gene expression
No change could be recorded in rad50 transcripts levels after UVC exposure (12 J/m 2 or 120 J/m 2 ), at 0 h, 1 h, 2 h or 3 h after the exposure (data not shown). The differential effects of pre-irradiation and 2-DG treatment were very much apparent in 60 Co-γ-irradiated samples. Figure 8 shows that in comparison to untreated controls (lane 1), the levels of rad50 transcripts and Rad50 protein increased after exposure to 20 Gy 60 Co-γ-rays. Although increase in rad50 transcripts was not statistically significant, but increase in the protein level was significant (p < 0.01). In comparison to the untreated controls, 200 Gy 
DISCUSSION
Diploid strain D7 of S. cerevisiae was used to examine the modifying effects of 2-DG on radio-resistance induced by pre-irradiation with low doses of UVC or 60 Co-γ-radiation respectively. The effects of 2-DG on other RIR associated changes viz. DNA damage, mutagenesis, recombinogenesis and rad 50 gene expression were also examined. The UVCinduced resistance to UVC rays (37% maximal increase in survivors, Fig. 1) and 60 Co-γ-radiation induced resistance to 60 Co-γ-radiation (20% maximal increase in survivors, Fig. 4 ) could be effectively suppressed by 2-DG (Fig. 3, Fig. 4) .
The pre-irradiation dose in UVC and 60 Co-gammairradiated samples was LD 10 and the lethal dose in both the cases was close to LD 50 . However, the RIR induced in two different types of radiation, differed in terms of time after pre-irradiation, magnitude of resistance ( per cent survivors Fig. 1 and Fig. 4) , changes in gene convertants and revertants ( Fig. 2 and Fig. 5 ). This interesting observation indicated that besides the cell kill, other types of intra-cellular lesions and their consequential effects on post-irradiation repair pathways, affected the magnitude and duration of RIR. Other mechanisms such as activation of PKC-dependent signal transduction by low dose exposure have already been proposed 36) The dose dependent effects of pre-exposure on radio-adaptive response have been reported in mammalian cells. 25) Our results indicated that recombination repair pathway up-regulated after low dose irradiation (LD10, which by itself did not induce mutations or gene conversions, Fig. 2, Fig. 5 ), played a key role in the induced radioresistance. The reduced DNA damage (Fig. 6, Fig. 7 ) in pre-irradiated samples suggested that one of the mechanisms through which such pathways operated was, by protecting DNA. This is in line with earlier reports. 37) RIR (increase in survivors) was accompanied by increase in gene convertants (Fig. 2a and Fig. 5a ) indicating that low dose induced recombination pathway could be responsible for enhanced surviving fraction. Recombination pathway has been reported to participate in heat induced UVC resistance, 26) heat induced 60 Co-gamma-ray resistance 27) and 60 Co-γ-ray induced resistance to high LET radiation.
28) The inhibition of RIR and concomitant decrease in gene convertants in presence of 2-DG (Fig. 3) , suggested that presence of 2-DG inhibited recombination pathway, which could have, in turn, countered the increase in survivors. This indicated that recombination pathway was one of the important mechanisms for low dose induced radioresistance in this study. 2-DG has been reported to decrease the ATP content in respiratory-proficient diploid strain D7 of S. cerevisiae. 2, 15) In this study, 2-DG could have adversely affected the activity of some important ATP requiring gene products (rad 1p, rad 10p, rad 50p) which participate in recombination repair, 17) resulting in reduced gene convertants (recombinogenesis) and as a consequence reduced post-irradiation repair of DNA damage (Fig. 7) and reduced per cent survivors (Fig. 1) .
Inhibition of RIR with concomitant increase in revertants in presence of 2-DG ( Fig. 3 and Fig. 5 Co-gamma-rays could have generated damage that was repaired in an error-free manner if samples were maintained in PBG before lethal irradiation and therefore, found no expression over and above the mutations induced by lethal irradiation given to non-pre-irradiated samples (Fig. 2b) . 2-DG, since, reduced intracellular ATP content, 2, 15) its presence could have suppressed the activity of many ATP requiring enzymes and gene products, essentially needed for error-free repair viz. DNA topoisomerases I, III, exonucleases, 28, 29) rad 50p rad 3p, rad 1p, rad 10p and rad 25p 17, 30) resulting in increased revertants via trans-lesional synthesis. Prototrophy to isoleucine is a general index of mutagenesis because genes of ilv1 can be reverted by a variety of allele specific or locus specific suppressions. 31) Rad50, a protein involved in DNA double-strand break recombination repair, is also important for cell cycle checkpoint activation, telomere maintenance, and meiotic recombination. This protein forms a complex with MRE11 and NBS1 and displays numerous enzymatic activities that are required for DNA repair. Earlier studies 32) have reported that Rad50 depletion affects ATR-dependent DNA damage responses. Rad50 is an ATPase with regional homology to the structural maintenance of chromosomes family involved in multiple aspects of chromosome dynamics. We chose to investigate the effects of 2-DG on Rad50 because it is a large structural protein, has ATP dependent activity, 32) and is central to the conformation and function of the MRN complex (complex of Rad50, Nbs1 and Mre11). The polypeptide predicted for Rad50 was close to 150 KDa. It is known to have an amino-terminal ATP binding domain. Also it has been reported that MRN deficiency may lead to error-prone repair in UV-irradiated cells. This protein of S. cerevisiae also bears high homology with human Rad50. Though, we were un-successful in recording changes in rad50 transcripts and protein levels in UV-irradiated samples, it could be more due to limitation of experimental conditions. We could successfully record the changes in 60 Co-gamma-irradiated samples. In comparison to untreated controls, in 20 Gy irradiated samples, there was only small increase in the level of rad50 transcripts, but up-regulation of Rad50 was significant and suggested that low doses of 60 Co-gamma-rays were able to induce the activity of Rad50. The changes in rad50 transcripts after 20 Gy irradiation were small, this may be due to prior availability of sufficient transcript levels as seen in untreated controls. Though, at the moment, it is not possible to suggest specific role of rad50 in low dose irradiated cells but it appears to plays a role in inducing radio-resistance. This is also strengthened by the observation that the samples pre-exposed to 20 Gy followed by 2 h treatment in PBG showed enhanced Rad50 activity. The lower levels of transcripts and Rad50 in 200 Gy irradiated samples was perhaps due to large amount of non-specific DNA damage throughout the genome. In presence of 2-DG, the levels of rad50 and Rad50 were reduced. Also in presence of 2-DG, there was decrease in survivors, decrease in gene convertants and increase in revertants. This suggested that 2-DG inhibited the RIR via inhibiting the activity of energy dependent proteins such as Rad50.
Our data suggested that presence of 2-DG in respiratory proficient yeast could not only inhibit the radioresistance induced by ionizing as well as non-ionizing radiations, but also enhanced mutagenesis. To the best of our knowledge this is the first study to report such an effect of 2-DG. In case of tumor radiotherapy 2-DG is given orally and is taken up by the normal as well as tumor cells. Since 2-DG decreases the energy phosphates in both yeast (15) and human cells (2) , and homologies exist between yeast and human cells in a number of post-irradiation repair enzymes, transcripts and genes (16, 17) , there is a probability of similar increase in mutagenesis in normal human cells also while using 2-DG as an adjuvant to tumor radiotherapy. Therefore, similar studies in normal human cells are recommended before applying 2-DG in clinics for improving radiotherapy of tumors.
